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ABSTRACT

Analysis of the total base composition of DNA from seven different
normal human tissues and eight different types of homogeneous human cell
populations revealed considerable tissue-specific and cell-specific differ-
rences in the extent of methylation of cytosine residues. The two most
highly methylated DNAs were from thymus and brain with 1.00 and 0.98 mole
percent 5-methylcytosine (m%C), respectively. The two least methylated DNAs
from in vivo sources were placental DNA and sperm DNA, which had 0.76 and
0.84 mole percent mSc, respectively. The differences between these two
groups of samples were significant with p<0.0l1. The m°C content of DNA from
six human cell lines or strains ranged from 0.57 to 0.85 mole percent. The
major and minor base composition of DNA fractionated by reassociation
kinetics was also determined. The distribution of m3C among these fractions
showed little or no variation with tissue or cell type with the possible
exception of sperm DNA. In each case, nonrepetitive DNA sequences were
hypomethylated compared to unfractionated DNA.

INTRODUCTION

5-Methylcytosine (mSC) is present as a minor base in the DNA of all ex-
amined vertebrates and higher plants and is the only modified base naturally
found in these DNAs (1). Recent studies indicate that for many genes associ-
ated with vertebrate development, there are tissue-~ or cell-specific differ-
ences in the extent of DNA methylation. Generally, but not always, an in-
verse correlation has been observed between methylation of certain cytosine
(C) residues and transcriptional activity of DNA sequences (2-6).
Restriction endonucleases were used in these studies to probe methylation of
C residues in specific oligonucleotide sequences of a limited number of
genes. In addition, from paper or thin layer chromatographic analyses of
acid hydrolysates of DNA, Vanyushin et al.(7-9) and Kappler (10) reported
evidence for tissue-specific differences in the total m3C content of DNA.
These studies of DNA digested to the free bases have been variously
interpreted by other 1investigators (2,3,11-14) as showing either
significant, insignificant, or questionable differences in the m5C content
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of the DNA from different animal tissues.

We have recently developed a high performance liquid chromatography
(HPLC) system (15) for separation of the four major deoxynucleosides from
each other and from the two minor naturally occuring deoxynucleosides,
S5-methyldeoxycytidine (mstyd) and N6-methy1deoxyadenosine (m6dAdo). The
latter is found in DNA of many procaryotes and some invertebrates (l). 1In
preparation for HPLC, we quantitatively digested the DNA with enzymes to
deoxynucleosides. Our methodology allows accurate determination of the
levels of mstyd and, by inference, mSC in as little as 1-5 ug of DNA
containing only 0.5-1 mole percent mSC residues (15). By this HPLC analysis
we have unequivocably demonstrated tissue-specific differences in the
overall extent of methylation of unfractionated human DNA and of human DNA
sequences fractionated according to their rate of reassociation.
Furthermore, the nature of these variations suggests that differentiation

may involve considerable increases as well as decreases in DNA methylation.

Materials and Methods
Purification of DNA: The following cultured human cells were used as
sources of DNA: Molt 4F, RPMI 1788, Raji, and IM-1, all non-virus producing,

lymphoblastoid cell lines; Hela, a carcinoma-derived cell line; and two nor-
mal skin fibroblast cell strains harvested after 13-20 cell population
doublings. Of the lymphoblastoid cell lines, only Molt 4F was derived from
cells which were not oncogenically transformed; only this line consisted of
T cells. DNA was isolated from nuclei preparations as described previously
(16). Radiolabeled DNA was obtained from approximately 1-6 x 107 cultured
cells labeled with 1 mCi of [6-3H]ur1dine, [3H-methy1]methionine, or 0.2 mCi
of [14C-methy1]methionine in RPMI 1640 medium (GIBCO) with 40%Z of the stand-
ard methionine concentration (for Molt 4F) or BME medium (GIBCO) containing
1 mM sodium pyruvate (for fibroblasts or HeLa cells). Media was supplement-
ed with dialyzed fetal calf serum to 10%Z and sodium formate to a final
concentration of 1 mg/ml. The yields of methionine-labeled DNA, which was
purified as described below, were 2 x 104 - 4 x lO5 cpm; 98% of the
radioactively labeled material was rendered acid-soluble by digestion with
DNase I and <27 was digested under exhaustive conditions with RNase I or
proteinase K (EM Biochemicals). Furthermore, >85% of the radioactivity from
formic acid digests of these samples cochromatographed with mSC (16).
In vivo derived sources of DNA were fresh autopsy specimens from acci-

dent victims, lymphocytes from blood of healthy individuals, and pooled nor-
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mal sperm. Tissues were minced, homogenized, defatted by extraction with
ether and ethanol, and then digested for 16 h at 60°C with proteinase K (50
ug/ml) in 10 mM Tris-HC1l, 50 mM EDTA, 0.2 M NaCl, pH 7.5, with 0.5% sodium
lauroyl sarcosinate. Sperm were lysed by the method of Borenfreund et al.
(17). DNA was purified from these samples by extraction with freshly
distilled phenol and chloroform/isoamyl alcohol (24/1, v/v), precipitation
with ethanol by spooling (18), and then incubation of the DNA dissolved in
0.015 M NaCl, 0.0015 M sodium citrate, pH 7.3, with 50 pug/ml of RNase I and
12.5 units/ml of RNase Tl (Worthington Biochem. Corp.) for 14 h at 37°C.
After further incubation with 50 ug/ml of proteinase K, the DNA was
extracted with chloroform/isoamyl alcohol and precipitated as described
above. The A260/A280 ratio of all samples was 1.9.

Reassociation Kinetics: To reduce DNA to fragments of an average size
of 0.3 kb, DNA solutions were sonicated in 0.05 M sodium phosphate buffer,
pH 6.8, (PB) with 1 M NaCl after bubbling with nitrogen. The size range of
the fragments was determined by polyacrylamide gel electrophoresis with

HaeIII fragments of @X174 RF as markers. Sonicates were chromatographed on
Chelex-100 (Bio Rad), dialyzed against 0.01 M PB, heat denatured, quickly
cooled to 60°C, and adjusted to 0.12 M PB, The DNA samples were then in-
cubated to achieve a Cot of 0.05 molar sec and chromatographed on a
hydroxyapatite column by standard techniques (19). If the Cot <0.05
fraction was to be further fractionated, it was denatured and reannealed in
0.05 M PB to a Cot of <10—3 and chromatographed as above. The Cot >0.05
fraction was reassociated at a Cot of 50 and chromatographed on
hydroxyapatite. In all cases the Cot value refers to the original
concentration of DNA before fractionation and was corrected for losses
during work-up (approximately 10Z). When the concentration of the sodium
phosphate buffer used for reannealing was changed from the standard 0.12 M,
the Cot value was corrected as described by Britten et al. (19). DNA
fractions were prepared for HPLC analysis by dialysis against 10 mM
Tris-HCl, 1 mM EDTA, 0.3 M sodium acetate, pH 7.8, and then precipitation
with ethanol.

Determination of nucleoside content of DNA: Unlabeled DNA samples (50
pul) in 10 mM-Tris-HC1l, 0.1 mM EDTA, 4 mM MgClz, pH 7.6, were incubated with
40 ug/ml DNase I (EP; Sigma) for 16 h at 37°C. Then, sodium acetate, pH
5.3, ZnSO4, and nuclease Pl (Boehringer-Mannheim) were added to final con-
centrations of 60 mM, 1 mM, and 30 pg/ml, respectively. After 8 h at 37°C,
Tris-HCl, pH 8.4, and heat-treated (15) Escherichia coli alkaline
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phosphatase (BAPC; Sigma) were added to final concentrations of 50 mM and 10
units/ml, respectively. Incubation at 37°C was continued for 16 h. These
digests were directly analyzed for their deoxynucleoside composition by
reversed phase, high performance liquid chromatography (HPLC) as described
elsewhere (15 and Gehrke, McCune, Ehrlich, and Kuo, in preparation).

RESULTS
Tissue-specific or cell-specific differences in the mSC content of human DNA

DNA samples from various normal tissues from 9 individuals were analyzed
for their m5c content by HPLC after quantitative hydrolysis to deoxynucleo-
sides (15). Tissues were obtained from seven males and two females ranging
in age from 8 months to 82 years. Despite their various ages and sexes, in-
dividuals did not differ in the extent of DNA methylation of a given tissue
type or cell population at a significance level of p<0.0l. For example,
thymus DNA derived from two females, 8 and 12 months of age, was not signifi-
cantly different from that of a 40 year old male. Heart DNA from three in-
dividuals was exceptional in displaying such differences with a p<0.05, but
since only a total of seven determinations of three donors (males, 26-40
years of age) was involved and the differences in m5C content were rather
small (Table 1), these differences were probably insignificant. On the
other hand, the mSC content of DNA from different tissues or cell types
varied considerably even when tissues from the same individual were
compared. From 0.76 to 1.00 mole percent of the DNA bases were m5c (Table
1). The greatest differences were seen in the mSC content of placental or
sperm DNA compared to that of brain or thymus DNA (Table 1). Even among
adult organs, significant differences in the extent of methylation of C
residues were observed (Table 1). The significance of many of these
differences was established by Sheffe's method for comparison of means (20).
For example, the mSC content of the placental DNA samples was significantly
different (p<0.01) from that of all the other examined cell populations
except those of sperm and heart. A similar statistical analysis, revealed
that the extent of methylation of sperm DNA was significantly different
(p<0.01) from those of spleen, lymphocytes, thymus, and brain and that, at
the same level of confidence, liver and brain DNAs had significantly
different mSC contents. Since all tissue homogenates and cell lysates had
been treated extensively with proteinase K and sodium lauroyl sarcosinate in
the presence of EDTA and 0.2 M NaCl before extraction with phenol (21)

there should have been no significant, preferential losses of DNA sequences

2712



Nucleic Acids Research

Table 1. Mean mSC levels in the DNA from various human tissues or cell

populations.?
Source of Mean Standard Number of Number of
DNA Mole % deviation individuals determinations
Placenta 0.76 0.03 6 22
Sperm 0.84 0.01 6° 17
Heart 0.87 0.03 3 7
Liver 0.88 0.02 9 18
Lungs 0.91 0.04 5 13
Spleen 0.93 0.03 7 16
Lymphocytes 0.96 0.01 2 3
Brain 0.98 0.03 5 13
Thymus 1.00 0.02 3 9

4The mean was based on the average of replicate determinations for each
individual. Analysis was by HPLC at the deoxynucleoside level. Samples
from each individual were analyzed at least in duplicate with the excep-
tion of one lymphocyte DNA sample.

bgix pooled sperm samples from approximately eight donors per sample were
used and counted as individuals in this analysis.

during the extraction. Furthermore, we purified DNA from a nuclear fraction
of placenta by chromatography on a hydroxyapatite column in the presence of
8 M urea without the use of organic solvents for extraction (22). The mSC
content of this sample (0.77 mole %) was essentially the same as that of
parallel samples extracted by the standard procedure. We conclude that the
differences in mSC content among the various types of DNA samples was not an
artifact of DNA isolation.

In the DNA digests of all of these tissues the only minor
deoxynucleoside which was detected was deCyd. Less than 0.02 mole percent
of the nucleosides in these digests was m6dAdo. There was no significant
variation in the major base composition of the DNA samples. For example,
the C content of the DNA from all examined tissues or in vivo-derived cell
populations was constant within experimental error, namely, 20.89 mole %
with a standard deviation (SD) of 0.51 mole %.

Extent of methylation of the DNA from cultured human cells

The mSC content of different established human cell lines and of human
diploid fibroblast cell strains was examined (Table 2). The lymphoblastoid
cell lines IM-1 and RPMI 1788, have low levels of mSC in their DNA compared
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to those of most of the cell populations obtained without in vitro
propagation, including lymphocytes (Table 1). There was considerable
variation in the extent of DNA methylation in the four different
lymphoblastoid cell lines (Table 2). The diploid skin fibroblast cell
strain had a relative low level of n>C compared to that of the in
vivo-derived cells (Tables 1 and 2).

In one experiment the effects of cell division upon DNA methylation
levels was examined. Two strains of skin fibroblasts were maintained at
confluency for 35 days in Dulbecco's minimal essential medium with 1Z fetal
calf serum, 50 ug/ml gentamycin, and 5 mM HEPES buffer pH 7.2.
Concurrently, identical cultures were induced to divide almost continuously
by culturing the cells in the above medium containing 10% fetal calf serum
and trypsinizing and subdividing the cell populations every week into 4-6
fresh bottles as the cultures approached confluency. One of the cell
strains had a genomic mSC content of 0.71 mole percent whether it was
maintained at confluency, passed wuninterruptedly, or maintained at
confluency and then passed. The corresponding m5C compositions for the
other cell strain, 0.76, 0.72, and 0.72, respectively, were not
significantly different. These DNA samples as well as those from the

Table 2. Content of m3C in the DNA of various types of cultured humancells

Cell Mean mole % mSCCOt ¥ msct°t31b

type moC * Sp? Cot £0.05 Cot 0.05-50  Cot >50
Skin fibroblast  0.72 * 0.01 1.68 1.18 0.72
Hela 0.70 * 0.10 1.82 0.88 0.70
Molt 4F 0.84 + 0.02 2.23 1.16 0.66
RPMI 1788 0.57 + 0.006 3.05 0.86 0.72
Raji 0.85 + 0.005 - - -
M-1 0.68 + 0.009 - - -

aThe mean mole % mC was determined as described in Table 1. Three to seven
determinations were made on at least two different batches of cells.

bThe enrichment of m3C in the RPMI 1788 DNA fractions was determined from
unlabeled DNA as the mole Z of m3dCyd in the given fraction * mole %
m5dCyd in the total DNA from the cell population from which the fraction
was derived. The analogous ratio for skin fibroblast, HelLa and Molt 4F
DNA was determined from radioactive DNA samples as the % of [14C-met]DNA
sequences in the fraction * the % of [3H-Pyr]DNA sequences in the fraction.
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examined cell lines had essentially the same C content as did DNA from human
tissues.

The intragenomic distribution of m5¢C among human DNA sequences of different

degrees of repetitiveness

DNA fragments of 0.3 kb from various types of human tissue or cell
samples were fractionated by reassociation kinetics (19,23) and then
analyzed for their extent of methylation. The first set of experiments
utilized DNA from cultured cell lines or strains, which had been labeled
selectively in the mSC residues with [IAC-methyI]methionine or
[3H-methyl]methionine or equally in all three pyrimidine residues with
[6-3H]uridine. A comparison of the percentage of radioactivity in the Cot
<0.05 fraction from [3H-Pyr]DNA and that from the homologous [3H-m5C]DNA or
[lac-mSC]DNA revealed that these sequences had ~70-120 2 more m5C than did
total DNA whereas mSC residues were underrepresented in the single copy
fraction (Cot >50) fraction (Table 2).

By HPLC, we analyzed the total base composition of wunlabeled
fractionated DNA from RPMI 1788 cells and from nine different types of in
vivo-derived tissues or cell populations. The average mole percentages of C
+ SD in the Cot <0.05, 0.05-50, and >50 fractions from all the in
vivo-derived DNA samples were 20.6 * 0.6, 20.0 * 0.05, and 19.3 ¢ 0.7,
respectively; the average guanine (G) contents were, 21.8 * 1.7, 21.2 * 1.1,
20.4 * 2.1 mole Z. Analogously, slightly more thymine and adenine were
found in the higher Cot fractions than in the lower Cot fractions. 1In
contrast to the very small differences in the major base composition, the
mSC content of the fractions varied much. Cot <0.05 fractions from various
in vivo sources contained V1.4-1.85 times as much wC as did unfractionated
DNA whereas the Cot >50 fractions had “0.7-0.8 times as much (Table 3).

The variation from tissue to tissue in the extent of enrichment or
deficiency in mSC in a given Cot fraction (mole % deCyd in fraction +mole %
deCyd in the total DNA) may be mostly the result of experimental error due,
for example, to differences in the percentage of the DNA sequences found in
a given Cot fraction (Table 3). For example, in four Cot <0.05 samples of
liver DNA, the enrichment in mSC ranged from 1.55 to 1.83. Similarly, in
one Cot >50 sample from brain DNA, there was 0.74 times as much m5c as in
unfractionated DNA, whereas another analogous sample had 0.85 times the mSC
content of total DNA. However, from triplicate Cot <0.05 and
Cot >50 fractions from sperm DNA, the relative standard deviation was only

2%. Therefore, based on the data in Table 3, sperm DNA seems to be
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preferentially hypomethylated in its repetitive DNA sequences.

Five DNA samples from various somatic tissues were further fractionated
into Cot <107, 1075-0.05, 0.05-1, 1-50, 50-500 and >500 fractions with an
average of 4, 14, 7, 4, 4, and 67 X of the DNA sequences, respectively. The
mean mole percentages of m5c in these DNA fractions were as follows: 1.34,
1.51, 1.02, 0.99, 0.67, and 0.66, respectively, with relative standard
deviations of 13-22%. The average major base composition of these different
subfractions varied much less than the mSC content did. For example, for C
the mole percentages * SD of these subfractions were: 20.1 * 0.8, 21.0 %
0.7, 20.3 + 0.4, 20.3 * 0.8, 19.2 * 0.7, and 19.5 * 0.9, respectively.

One placental DNA sample was treated with Sl nuclease to remove
single~stranded tails from  partially double-stranded DNA after
hydroxyapatite chromatography. The msC content of the Cot <10-3 (foldback)
and 10-3-0.05 (highly repetitive) fractions were 1.30 and 1.39 mole percent,
respectively, with S1 treatment followed by ethanol precipitation and 1.24
"and 1.28 mole percent, without S1 treatment. Radiolabeled fibroblast and

Molt 4F DNA samples were reannealed at a Cot of 10-4. The resulting

Cot:<10-4 fractions also had less hypermethylation than did the Cot 10-4-0.05

fractions.

DISCUSSION

Previous studies of the DNA of various animals indicated that there
were small tissue-specific differences in the mSC content (7-10). Those
experiments involved hydrolysis of DNA to the free bases with concentrated
acid, which can cause significant and variable amounts of mSC residues in
DNA to be deaminated to T residues (24). Quantitation of the bases
separated by paper or thin layer chromatography was from the A290 - A310 of
eluted spots (7-9) or from their radioactivity due to in vivo incorporation
of [2—14C]deoxycytidine (10). Problems of base trailing, lack of
sensitivity, and requirement for in vivo radiolabeling have been eliminated
by a highly sensitive and accurate HPLC analysis of enzymatic digests of DNA
(15, Gehrke et al., in preparation). With this methodology we have proven
that significant differences can be found in the percentage of C residues
which are methylated in various human tissues (Table 1). Furthermore,
individual differences in the mSC content of a given tissue were found to be
negligible. The DNA used for these analyses was total cellular DNA. Since
mitochondrial DNA constitutes less than 12 of the genome (25) and the

observed tissue-specific differences im m5c content were found in each
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examined reassociation subfraction of the DNA (Table 3), these differences
cannot be attributed to variation in the amount of organelle DNA.

Tissue or cell specificity in DNA methylation patterns has been
demonstrated for a number of structural genes (2-6, 26-28) as well as for
ribosomal RNA genes (29). In these studies hypomethylation is generally
associated with gene expression. This tissue specificity of DNA methylation
is not confined to a relatively small number of genes because our results
indicate that one cell from a given human tissue can have millions or tens
of millions more of its DNA cytosine residues methylated than does another
type of cell from the same individual. Therefore, theories of how changes
in the extent of DNA methylation arise during development will have to
address massive differences in the number of methylated cytosine residues
per genome as well as tissue-specific, transcription-associated variations
in methylation of specific genes. The relative rate of cell turnover is
probably not generally a major determinant of the extent of DNA methylation
since in a number of the examined tissues there is no correlation between
these cell renewal rates (30,31) and the levels of mSC in the DNA (Table 1).
For example, heart with its low rate of cell turnover has a low mSC content
compared to that of various other adult somatic tissues; whereas, brain,
which also has only a small percentage of dividing cells, has a high mSC
content (Table 1).

Also, available data does not indicate a simple correlation between the
extent of transcription of the genome and the overall levels of DNA
methylation. Studies of the complexity of nuclear or cellular RNA from
mice, rats, and rabbits indicate that in brain a much higher percentage of
single copy sequences 1is transcribed than in liver (32-36). A similar
situation seems to apply to RNA synthesis in human brain and liver (32). As
discussed above, transcription of specific genes has been associated with
hypomethylation; nonetheless, human brain DNA is 11% more methylated than
human liver DNA (Table 1). This suggests that the observed tissue- and
cell-specific differences in the genomic mSC content are not due to
generalized changes in DNA methylation programmed for control of
transcription of a portion of the genome and limited to that fraction of the
genome. Rather, this tissue~ and cell-specific variation in the total mSC
content of DNA may be independent of hypomethylation of certain highly
transcribed genes.

A limitation in the analysis of tissues is that they are complex
populations of cells. Given the heterogeneity of the cells in the tissues
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examined in this study, it 1s remarkable that we observed as large
differences in overall levels of mSC deoxynucleotide residues as we did
(Table 1). Fractionated cell populations derived from the above tissues
might reveal yet more heterogeneity in the amount of DNA methylation. The
relatively homogenous cell populations which we examined, sperm,
lymphocytes, and six types of cell cultures (Table 1 and 2), displayed
significant differences in the m5C content of their DNA. Differences in the
percentage of C residues which are methylated have also been found in
various murine cell lines (10,37). These differences could reflect either
changes occurring during in vitro propagation (including preferential loss
of part of the genome) or heterogeneity in the mSC content of the original
in vivo populations of cells.

By analysis of human DNA sequences fractionated according to their rate
of reassociation, we have shown that highly repetitive DNA sequences (Cot
10-3-0.015) and foldback DNA sequences (Cot <10-3) have a considerably higher
portion of their C residues methylated than do single copy or moderately
repetitive DNA sequences, regardless of the cells of origin (Tables 2 and
3). Similar findings have been made in other types of mammalian tissues (9)
and cultured cells (12,38). However, unlike the results reported by Romanov
and Vanyushin for bovine DNA (9), the tissue-specific differences in overall
levels of mSC in human DNA were approximately evenly spread throughout the
genome, except in the case of sperm DNA (Table 3), and were not limited to
the repetitive DNA sequences. Sturm and Taylor (39) found that bovine sperm
DNA contains 50 1less m5c than does calf thymus DNA and from studies of a
bovine satellite DNA, they postulated that hypomethylation of satellite DNA
could be the main factor accounting for the differences in overall DNA
methylation. Our data indicate that hypomethylation of human sperm DNA was
due to decreases in the mSC content of single copy sequences and middle
repetitive sequences as well as in the highly repetitive fraction. Although
we observed less of a decrement in the mSC content of the single copy
fraction of sperm DNA than in the other fractions, it is noteworthy that any
decrease in these sequences was observed since a number of genes in sperm
DNA have been shown to be more methylated or at least as methylated as those
same genes in various somatic tissues (3,4,26,40). Our results and those on
methylation of bovine sperm DNA (39) and the activation of the
heterchromatic X chromosomes in female mammalian cells (41,42) suggest that
demethylation of certain DNA sequences might occur during gametogenesis.

That human sperm DNA has a lower level of methylation than does DNA
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from a number of somatic tissues (Tables 1 and 2) implies that at some
stages in human development there are increases in the extent of DNA
methylation in addition to the previously observed decreases in methylation
of specific genes (3,4,26). From comparisons of methylation of certain
highly transcribed genes in various vertebrate cells (3,4,26,40), it has
been proposed that hypomethylation may be necessary for turning on
expression of certain genes (1) involved in development. However, as
documented in this study for the genome at large, and in previous studies
(3,4,43,44) for specific vertebrate genes, tissue-specific differences in
DNA methylation, which cannot be correlated with the transcriptional
activity are also found. It is not yet known, whether the tissue-specific
variation which we observe in the overall extent of methylation of highly
repetitive, moderately repetitive, and single copy human DNA sequences is a

byproduct or determinant of differentiation.
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